We report a measurement of KLL dielectronic recombination in charge states from Kr +34 through Kr +28 , in order to investigate the contribution of Breit interaction for a wide range of resonant states. Highly charged Kr ions were produced in an electron beam ion trap, while the electron-ion collision energy was scanned over a range of dielectronic recombination resonances. The subsequent Kα x rays were recorded both along and perpendicular to the electron beam axis, which allowed the observation of the influence of Breit interaction on the angular distribution of the x rays. Experimental results are in good agreement with distorted-wave calculations. We demonstrate, both theoretically and experimentally, that there is a strong state-selective influence of the Breit interaction that can be traced back to the angular and radial properties of the wavefunctions in the dielectronic capture.
I. INTRODUCTION
Highly charged ions are ideal atomic systems for investigating the relativistic details of dynamical atomic processes, such as electron-ion collisions. At the strong electromagnetic fields of these atomic systems, both incident and bound electrons can reach sizable fractions of the light speed, and consequently, retardation and magnetic terms of the electron-electron interaction can significantly change the collision dynamics. These relativistic terms are included in the Breit interaction [1, 2] , which corresponds to the next quantum electrodynamic term after Coulomb interaction [3, 4] . The contribution of the Breit interaction to the electronic structure has been extensively calculated, using various methods [1, 2, 5, 6] , showing excellent agreement with experimental results [7, 8] . Its typical contribution to the binding energy of a few percent [9, 10] can be treated perturbatively. On the other hand, the electron-ion collision dynamics is much more dependent on the electron-electron interaction, which hampers perturbative approaches to the Breit contribution. Hence, recent experiments have been performed in several electron-ion atomic processes, namely, resonant transfer and excitation [11] , Coulomb excitation [12] and electron impact excitation [13] in order to investigate the relativistic details of the respective atomic collisions.
Dielectronic recombination (DR) provides an even more sensitive probe of the Breit interaction. In this process, a free electron is captured by an ion with simultaneous excitation of a bound electron, which only occurs due to the electron-electron interaction. Deexcitation of the resonant state by photon emission completes the DR process. Recent investigations highlighted a pronounced role of the Breit interaction along the (usually dominant) Coulomb interaction, not only on the resonant strengths [14] , but also on the angular distribution and polarization properties of the photon emission [15, 16] . All of these investigations focused on one particular resonant state, [1s2s 2 2p 1/2 ] 1 , of initial Li-like ion. Apart from this unique case, only few resonant DR states of initial H-like ions were reported also having a dominant Breit influence [17, 18] .
Besides this fundamental interest on the relativistic details of electron-electron interaction, investigations of the DR are also mandatory for modeling hot astrophysical and laboratory plasmas, as DR often dominates the recombination rates due to its high resonance strength [19] [20] [21] . Resonances can thus be used for temperature and density plasma diagnostics [22] [23] [24] [25] . Simultaneously, information about the angular distribution and polarization of the DR photons emitted by anisotropic plasmas could be used to infer the directionality of the plasma electrons. Moreover, an anisotropic emission may change the intensity of observed lines and can thus affect temperature diagnostics [26] [27] [28] [29] [30] [31] . Besides DR, trielectronic and quadruelectric recombination was recently demonstrated to play an essential role in charge state distribution of hot plasmas [32] .
Recently, the polarization of DR Kα x rays from highly charged Kr and Xe were measured with a novel Compton polarimeter [16, 33] . The degree of linear polarization was determined for a few DR resonances and showed agreement with theoretical predictions of a measurable influence of the Breit interaction (BI). In this work, we complement those previous studies with a systematic investigation of the influence of BI on the angular distri- bution of emitted photons following DR for a wide range of DR resonances. For this purpose, as in earlier works, charge states of He-like ( Kr +34 ) to O-like (Kr +28 ) were produced in an electron beam ion trap (EBIT), and the electron beam energy was scanned over the KLL resonances. We measured the angular distribution of the subsequent Kα x rays through simultaneous observation in directions along and perpendicular to the electron beam axis. The alignment parameter of the resonant state was extracted from the acquired spectra. These results were compared with extensive distorted-wave calculations based on the Flexible Atomic code (FAC). Here, we focus only on the state-selective influence of the Breit interaction on the angular distribution, i.e., why some resonances display such strong BI influence, while others only manifest a negligible one. A previous study was performed for only the two states [1s2s [34] .
II. THEORY
We give here a brief description of the theoretical framework used for describing the DR in few-electron ions, as this process has already been extensively discussed in the literature [15, [35] [36] [37] . Due to the collision of unidirectional electrons with the ions in the present setup, the formed resonant states are aligned along the beam axis, i.e., the magnetic sublevel population of a 
Here,σ M d are normalized magnetic sublevel cross sections of the DC process (
k have only nonzero values if k is even and k < J d . Therefore, only resonant states with J d > 1/2 can be aligned. Aligned states often emits anisotropic radiation, and for the DR process, the angular distribution is given by [38] 
with S being the DR resonance strength. The polar angle θ is defined with respect to the electron beam axis and P k denotes the Legendre polynomial. Information concerning the photon emission between the intermediate resonant and final states, such as the multipole contributions, is included in the intrinsic photon coefficients α k d→f [38] . All resonant states listed in Table I contains an allowed and dominant electric dipole channel. Therefore, all terms α k d→f with k > 2 can be neglected (α 2 d→f ≡ α d→f , see Ref. [16] ). In this investigation, we do not consider a possible alignment of the initial state that might arise from the collision processes leading to the production of the ion. For the present charge states, only the initial (ground) state with J i = 3/2 of N-like ions can be aligned.
The evaluation of the DC cross sections in Eq. (1) was performed with the FAC code, which treats resonant electron capture in a distorted-wave framework [39] . In this approach, the free electron is expanded in partial waves (εl j ) (e.g. [15, 17, 35] ) and the DC cross sections are traced back to the matrix elements
Here, the matrix element addresses the formation of a resonant state |α d J d by resonant capture of a free electron by an initial ion with state |α i J i , through the electron-electron interaction V . The influence of the Breit interaction can thus be investigated by performing calculations either with the full operator V = V C +V B , or with Coulomb interaction only V = V C . The allowed partial waves (εl j ) are restricted by angular and parity selection rules included in the matrix elements. Moreover, since V is a two-body operator only matrix elements with two active pairs of orbitals participating in the DC process are nonzero [6] .
The DC process can be further reduced to a combination of Slater integrals between the radial components of two active pair-electrons. A Slater integral is given as
where R i−j (r) can be either a density overlap,
resulted from the Coulomb interaction, or can be overlaps resulting from the Breit interaction, which mixes the large (P ) and small (Q) components of the radial wavefunctions, i.e., R [6, 10] . The pairs x−v and y − w are the active orbitals that are changed during the DC process. r > = max(r 2 , r 1 ) and r < = min(r 2 , r 1 ). Here, m is a positive integer that depends on the angular decomposition of the matrix elements. As will be seen in Sec. V, the observed state-selective influence of Breit interaction in DR angular distribution can be traced back to the type of active orbitals and to the radial Coulomb and Breit overlaps between them.
III. EXPERIMENT
The experiment was performed at the Max-Planck Institut for Nuclear Physics, where highly charged ions of Kr were generated at the FLASH EBIT [40, 41] . In this experiment, an electron beam is emitted by an electron gun and accelerated towards a set of drift tubes with an applied high-voltage. This monoenergetic electron beam is simultaneously compressed by a magnetic field of 6 T to a diameter of ≈50 µm (calculated according to Ref. [42] ). An electrostatic axial trap of 50 mm length is formed by biasing the central drift tube with a slight positive voltage, relative to the two surrounding drift tubes. At the trap, injected atoms are then multi-ionized by the compressed electron beam through electron impact. A scheme of this experimental setup is shown in Fig. 1 .
The electron beam energy was continuously scanned over the KLL DR resonances by controlling the drift tube bias voltage according to a triangular wave function from 6.7 kV to 7.8 kV with a rate of 1.8 eV/s. In order to limit the energy spread of the electron-ion interaction, the electron beam current was set to a moderate value of 70 mA. The cathode of the electron gun had a negative bias of -2 kV.
The trap settings were optimized for both highest concentration of the highly charged ions and energy beam resolution. The second criterion is accomplished by further reducing the energy spread with the evaporative cooling technique [43] through the use of a shallow axial trap. However, shallow traps contains less ions than deeper ones, specially for He-like and Li-like ions. Therefore, we performed two types of measurements: High-purity germanium detectors were mounted along and perpendicular to the electron beam axis, as shown in Fig. 1 . The ratio between solid angles obtained from their location and active area is Ω 90 o /Ω 0 o ≈ 9.4. The photon energy resolution (FWMH) at 13 keV of the detectors at 90
• and 0
• are 180 eV and 200 eV, respectively.
IV. DATA ANALYSIS
A typical contour plot with the electron beam energy and photon energy as parameters is shown in Fig. 2 . The electron beam energy was scanned through the KLL DR resonances in He-like to O-like Kr, which are visible as bright spots. Each resonance is identified by the initial charge state of Kr before DR. The background near the resonances is due to radiative recombination (RR) into the L shell (n = 2), while the lower background (at photon energies of ∼11 keV) is due to radiative recombination in other heavier elements at the trap, like barium or tungsten.
We obtained the intensity of DR x-rays by selecting the events of interest of both RR and DR contained in the region of Fig. 2 inside the black solid lines. These events were added up for a given value of the electron beam energy. The obtained intensity of DR x-rays is displayed in Fig. 3 . Here, the background due to RR was fitted with a linear function and removed. The left (a) and right (b) sides of the plot correspond to a deep and shallow trap, respectively, as described in Sec. III.
The selected energy region of Fig. 3 contains a high density of resonant states that were identified with the help of theoretical calculations. Table I displays the theoretical energies for the resonant states with respective identification, initial ion charge state and recombination process. If two or more resonant states have the energy separated by less than half of the energy resolution, we considered a single Gaussian function, for fitting the peak formed by these states. For now on, we refer to any of the obtained Gaussian functions as a resonance. The total number of resonances is 33 as shown in Fig. 3 . The beam energy resolution of the settings (a) and (b) (see Table I by not showing the experimental energy.
A linear calibration based on two theoretical resonances was employed for the electron beam energy. Measurement (a) in Fig. 3 was calibrated with resonances 3 For each resonance we compare in Table I [45] . We have a good agreement in all values of resonant energies with differences of less than 4 eV.
R R ( n = 2 )
Since the detectors at 0 • and 90
• have different solid angles of detection, we calibrated both spectra using an isotropic resonance. We choose resonance 33 that is the most intense resonance among the isotropic ones. The obtained solid angle correction factor due to the different solid angles was C Ω = 9.36 ± 0.01.
We quantified the emission anisotropy as the ratio between the DR resonance amplitudes observed along and perpendicular directions to the electron beam axis, corrected with the solid angle factor, i.e., R = C Ω I(0 • )/I(90 • ). Table I list values of ratios R for each resonance along with the respective charge state of the initial ion and the recombination process that populated the resonant state.
The obtained values of the ratios for the resonance 4 is shown in Fig. 4 . The error bar in each measurement contains the combined uncertainty (1σ) of the statistical uncertainty of fitting the amplitudes for both I(0 • ), I(90
• ) and C Ω .
According to the non-laminar optical model developed by Herrmann [42] , the motion of an electron in an EBIT is described by an helical path collinear with the beam direction. Thus, the relative electron-ion collision is not aligned with the electron beam direction but deviates by a pitch angle γ that is given by [46] 
where E ⊥ is the transverse electron energy. For a cathode temperature of 1300 K and a cathode radius of 1.5 mm, the transverse electron energy after compression of the electron beam is E ⊥ ≈0.1 keV, which corresponds to a pitch angle of γ ≈ 6
• [46] and a deviation of 0.02 in R. The final uncertainty of each R in Table I is the combined uncertainty of the statistical error (see Fig. 4 ) and this systematic uncertainty.
Besides the (usual) DR process, we also observe resonant states populated by higher-order resonant recombination, such as trielectronic (TR) and quadruelectronic (QR) recombination processes [44, 47] as identified by some resonances in Table I . In the present work we restrict to their energy identification. Investigations of influence of angular distribution and polarization properties to hot plasma model have been published elsewhere [32] .
V. RESULTS AND DISCUSSION
The obtained values R =0.99±0.07 and R =1.01±0.06 for the isotropic resonances 1 and 3 listed in Table I are From all resonances listed in Table I , we observe that the majority of them have R < 1, i.e, the photons are mostly emitted in a direction perpendicular to the electron beam axis. According to Eq. (2) this is equivalent to the product α Resonance 4 is an exception to this general observation by having R > 1 and α df > 0, indicating that magnetic sublevels with M d = ±1 are predominantly populated. This is a consequence of the sublevel M d = 0 being weakly populated due to LS selection rules of the term 3 P 1 [15] .
For the investigation of the BI influence we restricted ourselves to a set of resonances with one well-separated resonant state. Moreover, resonances of initial N-like ions were also not considered here due to a possible alignment of the initial state (Sec. II). The list of selected resonant states sorted by J d is given in Table II together Table I , according to the following expression
which can be obtained from Eq. (2). Here, the term T stands for the average of α d→f weighted by the radiative decay rates, i.e., Initial He-like, Be-like and C-like ions with J i = 0 have the DC process restricted to one partial wave, due to selection rules, which reduces the alignment parameter to a geometrical factor [17] . Exact values of A Table II . We observed that without the contribution of Breit interaction, the difference between experimental and theoretical values amounts 3.5σ. On the other hand, BI influence is too small to be observed in resonances 10, 19 and 20, which agree with predictions.
As depicted in Fig, 5 , even for an heavy element like U, the influence of BI can be regarded as a correction for the resonance 19. A pronounced influence of BI was predict for the resonant state 4 [15] and experimentally demonstrated for heavy elements [48, 49] . For investigation of the state-selective influence of BI, we calculated the radial overlaps in Eq. (3) between the active electrons participating in the DC process. The respective radial overlaps were calculated with FAC for the resonant states 4, 10, 19 and 20, as well as for Kr and U. The result is displayed in Fig. 6 for the cases of Breit and Coulomb radial overlaps. The integer k of Eq. (3) for these overlaps is the minimal value allowed by selection rules. For Coulomb overlaps it is k = 1 in all cases, with the except of the case 4 (with k = 0), whereas for Breit overlap it is k = 0 for all cases.
It can be noticed for the resonance 4 that the Breit overlap is similar in magnitude to the Coulomb overlap by factors of 5 and 1, for Kr and U ions, respectively. On the other hand, for all other resonances the Breit overlap is regarded as a small correction to the Coulomb overlap. In the case of resonance 4, all active orbitals 1s, 2s and 2p 1/2 have their relativistic small components and large components mostly located in the same radial region (≈ a 0 /Z with a 0 being the Bohr radius). This is not the case for the other resonant states, where the small and large components of the active orbitals 1s, 2p 1/2 and 2p 3/2 are located in different radial regions, the last one mostly centered at ≈ 4a 0 /Z. This delocalization of the radial large and small components reduces the Breit overlap and makes it much smaller than the Coulomb overlap.
Therefore, the relative importance of the Breit interaction in the alignment of doubly excited states is mostly related to the radial localizations of the large and small components of the relativistic wavefunctions.
VI. SUMMARY
In this work we performed a systematic investigation of the angular distribution of the emitted photons produced by KLL DR of highly charged ion, from He-like to O-like Kr. The radiation was recorded along and perpendicular to the electron beam axis. Experimental alignment parameters were extracted from the data. Among the extensive set of observed resonant states, only one manifests an observable dependency of Breit interaction on the alignment parameter. The lack of dependency of BI by the other resonances can be traced back to the radial overlaps between the active electrons of the DC process. 
